. Comparisons of the Sun with gas and other objects in the Milky Way should reveal such a trend, with younger objects being relatively 16 O poor.
Observations to date do not fulfil this expectation. Measurements of primordial Solar System materials, including the solar wind returned by Genesis spacecraft (McKeegan et al. 2009 ), fall along a slope-one line that has a high 18 O/ 17 O (but not high 16 O) compared to the much younger ISM and newly-formed stars (Wannier 1980; Wilson & Root 1994; Wouterloot et al. 2008) . One proposed explanation is that the Solar System formed from molecular gas polluted by 18 O-rich gas from massive stars (Olive & Schramm 1982; Henkel & Mauersberger 1993; Young et al. 2009 ). SLRs such as 26 Al, 41 Ca and 60 Fe in the early Solar System are interpreted as evidence that contamination did occur (Goswami et al. 2005) . However, the oxygen isotopic composition of the Solar System falls along the same trend inferred for the initial compositions of AGB stars that -4 -formed before the Sun and produced the presolar oxide grains in primitive meteorites (Nittler 2009 ). Furthermore, to explain the oxygen isotopic composition of the Solar System, (1) the delivery of SN ejecta must have occurred before cessation of star formation in the cloud, (2) it must have been efficient enough to produce the observed offset,
it must be quantitatively consistent with the abundance of SLRs, and (4) (Meyer et al. 2008) and are plausible sources of pollution. However, these stars have main-sequence lifetimes >15 Myr, longer than the typical duration of star formation in clouds (Williams et al. 2000; Lada & Lada 2003) , and thus low-mass stars forming from the same cloud are unlikely to be polluted. The probability of an unaffiliated B star polluting a given cloud during its lifetime is approximately Rτ f , where R ∼ 2 × 10 4 Myr −1 is the Type II SN rate in the Milky Way (Dragicevich et al. 1999 ) (mostly from B star progenitors), τ ∼ 10 Myr is the mean cloud lifetime (Lada & Lada 2003) , and f ∼ 10 −8 is the volume filling factor of a 10 pc cloud in the Galactic disk. The probability is ∼0.2%, comparable to that of an encounter with an AGB star (Kastner & Myers 1994) .
Second, mixing between hot, tenuous SN ejecta and cooler, denser molecular gas is inefficient. A 3-dimensional simulation produced mixing of 50 ppm (Boss et al. 2008 (Gaidos et al. 2009 ), but can accommodate only 0.9% of all oxygen (Lodders 2003) . SN are predicted to be copious sources of dust, but no more than 10 −5 -10 −4 M ⊙ has been detected per event (Meikle et al. 2007 ). The high-temperature components (chondrules and CAIs) of unaltered chondritic meteorites plot along a slope-one line in a three-isotope oxygen diagram (Yurimoto et al. 2007) 1 .
1 Only rare FUN (Fractionation and Unidentified Nuclear effects) and F (Fractionation)
CAIs show evidence for extensive mass-dependent isotope fractionation due to melt evaporation and plot along lines with slope of 0.52 )
The dispersion is usually explained by models in which (1) the initial oxygen isotopic compositions of both solids and gas were identical and equal to the solar wind value returned by Genesis; and (2) the slope-one line is a consequence of mixing with an 16 O-poor reservoir generated in the protoplanetary disk by "self-shielding" of CO isotopomers from ultraviolet dissociation, e.g. Lyons & Young (2005) . However, these assumptions have been challenged
by Krot et al. (2009) , who concluded that (1) primordial (thermally unprocessed) solids in the Solar System were already 16 O-depleted relative to solar nebula gas; and (2) CO self-shielding had only a small effect on the isotopic chemistry of dust in the Solar System.
In this scenario, the slope-one line was produced by mixing of relict, isotopically distinct reservoirs, i.e. gas and dust of different ages (Dwek 2006) . Any contamination by 18 O-rich ejecta would have to be contrived such that the final slope-one line was preserved.
The Solar System in the context of Galactic chemical evolution
The isotopic composition of the Solar System can be explained in terms of GCE that has deviated from the canonical slope-one line at least since the Sun formed 4.6 Gyr ago.
A flat age-metallicity relation (Holmberg et al. 2007 ) and the deficit of metal-poor stars in the solar neighborhood (Caimmi 2008) indicate that the metallicity of star-forming gas has evolved little over the past ∼10 Gyr, presumably because of the infall of metal-poor gas and the sequestration of metals in low-mass stars (Colavitti et al. 2008 We calculated the evolution of the oxygen isotopic composition in the vicinity of the Sun's formation and present location using a two-box model of GCE. One box represents the low-density phases of the ISM (hereafter referred to as the ISM), which receives metal-poor infalling gas, gas ejected from star-forming regions, winds from AGB stars, and some SN ejecta. The second box represents star-forming regions (molecular clouds). It receives gas from the ISM, returning (most of) it after disruption of the clouds, and the difference is The present gas infall rate is poorly constrained by direct observations, but rates have been inferred from the distribution of stellar metallicities. We assume a constant rate based on a recent analysis of G-and K-star metallicities (Casuso & Beckman 2004) . Moreover, the adopted relationship between star-formation and gas surface density, and the current total (Naab & Ostriker 2006) .
Another is to allow a small fraction of the oxygen-enriched gas from star-forming regions to permanently escape the disk and be replaced with metal-poor gas. Episodic gas infall or star formation produces yet more dramatic departures from a slope-one trajectory. Cosmological models predict stochastic time variation associated with infalling dark matter halos (Colavitti et al. 2008) , and accompanied by elevated rates of star formation. If the Sun formed during a ∼1 Gyr episode of increased star formation -10 -(twice the background rate), it partakes of an enhanced 18 O-rich contribution from massive stars (Figure 2 ) before winds from AGB stars return the ISM to its previous isotopic trajectory. In a sense, this is SN pollution, but on a Galactic scale.
Discussion
Our model of GCE in the solar neighborhood produces a super-unity slope in a three-oxygen isotope plot, and can explain the high 18 O/ 17 O ratio of the Sun with respect to the ISM. The absence of this phenomenon in previous models (Prantzos et al. 1996) may be attributable to the assumption that stars form from a gas of mean disk composition, rather than one to which AGB stars of the same generation have yet to contribute. Our model also predicts a difference between the composition of the ISM and star-forming regions: such a difference has not been observed (Young et al. 2009 ) but measurements of oxygen isotopes are currently possible only in molecular (i.e. CO-containing) gas and the composition of the low-density phases of the ISM is unknown. The composition of young stellar objects also appears to be dispersed along a slope-one line in a three oxygen isotope plot. This effect could be produced by heterogeneous mixing of Galactic disk gas with infalling, metal-poor gas lacking 17 O and 18 O (Figures 1 and 2) .
A purported Galactocentric gradient in oxygen isotopes (increasing 16 O with radius) (Wilson & Root 1994 ) is cited as support for standard GCE: However, recent data do not exhibit a significant trend (Polehampton et al. 2005) , and while the 18 O/ 16 O ratio at the Galactic center may be higher than disk values, the former may have been previously overestimated (Wouterloot et al. 2008 Magellanic Cloud (LMC) compared to similarly metal-poor regions of the outer disk. They explain both of these observations as a result of the accumulation of 17 O with time, i.e.
-11 -both the inner disk and LMC are older than the outer disk. A corollary of this conclusion is that at any given Galactocentric radius, younger objects (e.g., the ISM and newly-formed stars) will be more 17 O-rich than older ones (e.g., the Solar System).
Our scenario predicts that most low mass stars of the Sun's age should have a similar oxygen isotopic composition. The SN contamination scenario, in contrast predicts that the Sun lies at the extreme of a distribution of 18 O/ 17 O ratios (corresponding to different levels of contamination), something the observations so far do not suggest. While it is presently not possible to measure the oxygen isotopic composition of main-sequence stars, other isotopes such as those of Mg (Yong et al. 2004) or Si (Tsuji et al. 1994 ) might serve as proxies.
The 12 C/ 13 C ratio of the Solar System (89±1) (Wyckoff et al. 2000; Clayton & Nittler 2004) is higher than the interstellar ratio in the solar neighborhood (76 ± 7) (Stahl et al. 2008 ).
This difference can be explained by the high 13 C/ 12 C ratio in winds from red giant branch and AGB stars (Timmes et al. 1995; Milam et al. 2005) , although chemical inhomogeneities in the ISM may also be important (Stahl et al. 2008 ). The present-day C and O isotopic composition of the ISM at the Galactocentric location of the Sun's birth is consistent with mixing of average AGB winds with the ISM 4.6 Gyr ago (represented by the Solar System) ( Figure 3 between the isotopic compositions of gas and dust in the cloud along the slope-one line. circle is the Solar System value, and the composition of 1.5-9 M ⊙ AGB star envelopes after second dredge-up (Boothroyd & Sackmann 1999) are small squares. The large square is the IMF-integrated AGB ejecta composition assuming a Salpeter IMF and the ejecta mass functions of Boothroyd & Sackmann (1999) . The dashed line is a hypothetical equal-metallicity mixing line between the mean AGB ejecta composition and interstellar gas 4.6 Gyr ago and at a Galactocentric radius of 6.6 kpc, represented by the Solar System (Wielen et al. 1996) .
The mixing line passes close to the present composition of the ISM at 6.6 kpc (diamond),
indicating that it can be produced by addition of AGB ejecta to the ISM at that location 4.6 Gyr ago.
